














Figure 4. Inferred fracture map from InSAR data around the Ridgecrest earthquake sequence. Black
curves denote the main rupture trace as well as the surface fractures that are not predominately
strike slip. Red curves are right lateral and blue curves are left lateral. Two areas of retrograde faults
are outlined by yellow ovals. The color version of this figure is available only in the electronic edition.

rupture related to a wide variety
of processes. In particular, phase
gradient maps revealed a 35 km
long left-lateral ~deformation
along the Garlock fault, with the
most prominent 3 km section
positioned just to the right of
the southern end of the M,, 7.1
rupture (Fig. 2). This section
has a deformation over 20 mm
across the fault
<500 m wide zone. Other parts
of Garlock exhibit much smaller
deformation that are difficult to
detect using InSAR phase, but
are clearly revealed by the phase
gradient approach.

Another interesting feature
in these maps (Figs. 2 and 3)
is the blob-like deformations
inside the Naval base west of
the M,, 7.1 epicenter (green oval
in Fig. 3c). The deformation is
east-west dominant, because
there is little vertical or north-
south signal. This lateral motion
is unexpected because there is
extensive vertical motion due
to liquefaction or surface col-
lapse caused by the nearby rup-
ture. The mechanism of this
blob-like, lateral surface motion
is unknown to the authors.

The most interesting pre-
liminary finding from this
InSAR analysis is the fractures
that are inferred to show a sense
of slip that is opposite or retro-

within a

We provide all of the products discussed earlier using an ftp-
server-based website (see Data and Resources). The three types
of products (1) LoS interferograms, (2) phase gradient maps, and
(3) stacked LoS deformation data are provided as geocoded
netcdf files as well as kmz format files that can be directly viewed
in Google Earth. Specially, the phase gradient maps have been
used as an early guide for fault or fracture mapping for field geol-
ogists just after the Ridgecrest events. The LoS deformation is
further processed to include elevation information and look vec-
tors and put together in ASCII format, ready for use by modelers.

Discussion

The Sentinel-1 Interferometric Synthetic Aperture Radar
(InSAR) data shows exquisite detail in the near field of the
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grade to the background tec-
tonic stress. We located the fractures in the high-resolution
phase gradient maps and then establish their sense of offset using
the east-west component of the high-pass filtered phase. These
retrograde fractures occur mainly in two areas (Figs. 3 and 4,
yellow ovals). Most of the fractures to the northeast of the
M,, 7.1 rupture zone have a right-lateral slip consistent with
the background stress. However, there are two prominent
fractures, closer to the rupture, having left-lateral slip that is
opposite to the tectonic stress but in agreement with the promo-
tion of left-lateral shear on receiver faults of like orientation from
preliminary Coulomb stress changes models (see Data and
Resources). A second area of retrograde slip is inferred south-
west of the M, 6.4 rupture where we find many fractures having
retrograde slip directions. Preliminary Coulomb stress change
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models also suggest that these fractures would have left-lateral
slip aligned with their strike as a result of the Ridgecrest earth-
quake sequence (see Data and Resources). Similar retrograde
features were also seen in phase gradient maps of the 1999
M, 7.1 Hector Mine rupture zone (Sandwell et al, 2000)
and later interpreted as localized deformation along compliant
faults in response to the Coulomb stress change from the earth-
quake (Fialko et al., 2002). The compliant fault interpretation
requires a pre-existing fault zone having 1-2 km wide damage
zone. None of the retrograde faults in the Ridgecrest region were
mapped previously, so additional field work must be done to
identify pre-existing faults.

Conclusions

The Sentinel-1 satellites have the wide swath coverage to mon-
itor large continental earthquakes and also the ability to re-
solve small-scale deformation. Here, we provide three types
of InSAR products to investigate coseismic deformation and
strain from the combined M, 6.4 and 7.1 Ridgecrest earth-
quakes. The standard LoS deformation maps, also produced
by other groups, are generally available for rupture modeling.
Our unique analysis of the stacked phase gradient maps reveals
hundreds of small fractures and cracks surrounding the main
rupture zones probably caused by dynamics and static stress
changes. In addition, the stacked and high-pass filtered LoS
displacement maps show that several of the fractures have slip
directions that are opposite to the background tectonic stress.
If these fractures occurred along pre-existing faults, then they
could be due to static stress changes associated with damaged
(compliant) faults. However, if these fractures were not pre-
existing faults or have very sharp phase steps (<400 m wide),
then they could be true retrograde slip due to the dynamic or
static stresses from the earthquakes. Both possibilities are
important for understanding this complex rupture system.

Data and Resources

The Interferometric Synthetic Aperture Radar (InSAR) data used in
this article were collected by the Sentinel-1 satellites operated by the
European Space Agency (ESA) and are freely available at Sentinel data
hub (http://scihub.copernicus.eu/dhus). The corresponding orbit
product can be found at Sentinel-1 quality control subsystem (https://
qc.sentinell.eo.esa.int/aux_poeorb/). These products are also archived
at Alaska Satellite Facility (ASF, https://vertex.daac.asf.alaska.edu and
https://s1qc.asf.alaska.edu/ for data and orbit product, respectively).
The seamless Synthetic Aperture Radar (SAR) archive data search and
access graphic user interface is provided by UNAVCO (https://web-
services.unavco.org/brokered/ssara/gui). ~Sentinel-1 products are
available at https://topex.ucsd.edu/SV_7.1/index.html. All websites
were last accessed December 2019.
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